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Abstract 

Date palm (Phoenix dactylifera L.) is an important crop in arid regions and it is well adapted to desert ecosystems. 
To understand its remarkable ability to grow and yield in water-limited environments, we conducted experiments in 
which water was withheld for up to 4 weeks. In response to drought, root, rather than leaf, osmotic strength increased, 
with organic solutes such as sugars and amino acids contributing more to the osmolyte increase than minerals. 
Consistently, carbon and amino acid metabolism was acclimated toward biosynthesis at both the transcriptional and 
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translational levels. In leaves, a remodeling of membrane systems was observed, suggesting changes in thylakoid 
lipid composition which, together with the restructuring of the photosynthetic apparatus, indicated an acclimation 
preventing oxidative damage. Thus, xerophilic date palm avoids oxidative damage under drought by combined pre-
vention and rapid detoxification of oxygen radicals. Although minerals were expected to serve as cheap key osmotics, 
date palm also relies on organic osmolytes for osmotic adjustment in the roots during early drought acclimation. The 
diversion of these resources away from growth is consistent with the date palm strategy of generally slow growth 
in harsh environments and clearly indicates a trade-off between growth and stress-related physiological responses.

Keywords:  Antioxidant, halophyte, lipid metabolism, membrane remodeling, osmolyte, oxidative stress, Phoenix dactylifera L., 
reactive oxygen species, water deficit.

Introduction

Date palm (Phoenix dactylifera L.) is one of the most important 
crops in the semi- to hyperarid Arabian Peninsula. This is be-
cause it grows under a variety of extreme environmental con-
ditions such as high soil salinity (Mueller et al., 2023), heat, and 
water scarcity (Arab et al., 2016; Du et al., 2019, 2023; Kruse 
et al., 2019). Climate change will lead to increased global tem-
peratures and reduced regional precipitation and, thus, to an 
increased frequency of extreme events such as heat waves and 
summer drought (Amin et al., 2016; Tabari and Willems, 2018; 
Saharwardi et al., 2023). Understanding drought effects and de-
velopment of drought-tolerant genotypes is central to deliver 
increased crop yield in environments of limited water avail-
ability (Chaves and Davies, 2010). However, plant responses 
to water deficit are complex (Puértolas et al., 2017) and de-
pendent on specific drought scenarios, differing in the extent 
of water scarcity, irrigation placement (Dodd et al., 2008), and 
frequency (Boyle et al., 2016).

In response to drought, many plants undergo rapid physio-
logical changes due to osmotic stress, including an increase in 
abscisic acid (ABA) as a prominent feature that might indicate 
the water use strategy of a species or genotype (Sreenivasulu 
et al., 2012). In addition to physiological functions in plant de-
velopment, such as seed development, dormancy, and storage 
of proteins and lipids (Finkelstein et al., 2002), ABA signal-
ing mediates a rapid decrease of stomatal aperture to reduce 
transpirational water loss. In turn, this decreased stomatal con-
ductance causes a drop in leaf internal carbon dioxide (CO2) 
that negatively affects photosynthetic carbon fixation under 
water deficit (Cornic and Briantais, 1991; Brunner et al., 2015). 
Date palm is a relatively slow-growing crop with sclerophyl-
lous leaves that exhibit comparably low stomatal conductance 
even under well-watered conditions (Medrano et al., 2002; 
Kruse et al., 2019). This conservative water use strategy (Kruse 
et al., 2019) is considered an evolutionary adaption to xeric 
environments (Mäkelä, 1996). In addition to stomatal regula-
tion, ABA triggers the expression of several stress-responsive 
genes in numerous plant species, involved in the accumulation 
of protective proteins such as dehydrins and other late embry-
ogenesis abundant proteins (Ingram and Bartels, 1996; Verslues 

et al., 2006), and compatible osmolytes that contribute to lower 
the osmotic potential of the cell as part of osmotic adjustment 
(OA) (Chen and Murata, 2011; Slama et al., 2015; Yaish, 2015). 
OA is an acclimation response to dehydration that helps to 
maintain turgor and protect specific cellular functions by sta-
bilizing protein and membrane structures. It constitutes an im-
portant factor in plant survival and yield (Blum, 2017). Plants 
might accumulate as osmolytes both inorganic minerals such 
as potassium (K+), chloride (Cl–), and nitrate (NO3

–) (Shabala 
and Shabala, 2011) as well as compatible organic compounds 
such as non-reducing sugars, polyols, and amino acids (Chen 
and Murata, 2011; Slama et al., 2015). In comparison with OA 
by minerals, the accumulation of organic solutes takes place at 
an energetically higher cost (Yeo, 1983; Munns et al., 2020). 
Still plants exposed to soil water deficit osmotically adjust to 
declining soil water potential predominantly using organic 
compounds (Munns et al., 2020). Compared with the use of 
mineral solutes, this diverts significant amounts of photosyn-
thetically fixed carbon and assimilated nitrogen from main-
tenance and growth processes. The type of organic osmolyte 
synthesized also impacts on related energy costs. The synthesis 
of sugars such as mannitol and sorbitol is cheaper in terms of 
water and nitrogen requirements than the synthesis of nitrog-
enous proline or glycine betaine. Recently, the cost in terms 
of carbon assimilated during the day has been calculated for 
OA in plants exposed to salt stress (Fricke, 2020; Munns et al., 
2020), which initially acts largely as hyperosmotic perturbation 
(Golldack et al., 2011), and thus also requires OA. The diversion 
of 22– 66% of daily assimilated carbon for glucose- mediated 
OA in leaves and roots, respectively, highlights the high cost of 
using organic osmolytes for OA (Munns et al., 2020).

The use of mineral osmolytes, although energetically more 
economical, is limited by the fact that high mineral ion con-
centrations, except for K+, can interfere with metabolic reac-
tions in all compartments of the cytoplasm (Shabala, 2013; 
Munns et al., 2016). It is assumed that mineral ions are mainly 
used to adjust the osmotic pressure in the vacuole, while in the 
cytoplasm it is balanced by the accumulation of compatible 
organic osmolytes (Shabala, 2013). For example, the prominent 
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stress-induced accumulation of the compatible osmolyte pro-
line makes a comparably small quantitative contribution to 
OA, but is associated with a protective effect on cellular func-
tions and organs (Shabala and Shabala, 2011). Even under salt 
stress, when many minerals in the soil solution are available as 
cheap osmolytes, usually only half of the required additional 
osmolytes for OA are covered by mineral osmolytes (Munns 
et al., 2020), generating an expensive demand for the synthesis 
of compatible organic solutes. Although energetically costly, 
the capability to osmotically adjust positively correlates with 
yield (Blum, 2017). Halophytes, such as date palm, are intrin-
sically characterized by tolerance to high tissue concentrations 
of mineral osmolytes such as K+, Cl–, and Na+. Date palm is 
able to increase the intake of K+ under high salinity (Mueller 
et al., 2023), illustrating a remarkable capacity for adjusting 
its transportome to achieve selective K+ intake in the face of 
hyperosmotic conditions and high external Na+ concentra-
tions. The preferential use of energetically favorable mineral 
osmolytes for OA is a trait considered to improve plant growth 
in future climatic conditions (Munns et al., 2016; Munns and 
Millar, 2023). These adjustments also pose challenges for date 
palm productivity (Yaish and Kumar, 2015; Allbed et al., 2017), 
despite date palm’s remarkable ability to withstand extreme en-
vironmental conditions.

Date palms mitigate effects of heat and drought by employ-
ing proficient protein expression response comprising heat 
shock proteins and boosting of anti-oxidant activity to avoid 
oxidative stress (Safronov et al., 2017). In addition, isoprene 
synthetase is up-regulated (Ghirardo et al., 2021), which is 
thought to contribute to the protection of the photosynthetic 
apparatus from abiotic stress as part of the anti-oxidative ma-
chinery (Ryan et al., 2014), as evidenced by increased isoprene 
emission (Arab et al., 2016). Seasonal drought results in variable 
metabolic responses (Du et al., 2021), including a shift in ni-
trogen metabolism that potentially facilitates a temporal accu-
mulation of nitrogenous organic solutes, particularly in roots. 
However, there is limited information on drought-related 
OA of date palm, specifically regarding the use of energeti-
cally favorable mineral osmolytes versus more expensive or-
ganic solutes. To address this gap, a large-scale experiment that 
simulated the summer desert climate of the Arabian Peninsula 
was conducted, and osmotic and metabolic acclimation in date 
palm roots and leaves were analyzed.

It was hypothesized that (i) drought-exposed date palm pref-
erentially relies on energetically favorable mineral osmolytes 
for OA, thus adapting the transportome in favor of mineral 
uptake, and (ii) its metabolism is acclimated by activating the 
anti-oxidative system to counteract increased reactive ox-
ygen speciesm (ROS) formation. To address these hypotheses, 
we exposed date palm cv. Khalas to continuous drought and 
analyzed OA by relating mineral, sugar, and amino acid con-
centrations to changes in osmotic strength. To follow changes 
in mineral transporter expression and metabolic acclima-
tion underlying organic solute synthesis and other drought 

acclimation responses, we performed transcriptome, proteome, 
and metabolite analyses in roots and leaves to elucidate how 
the xerophilic date palm thrives in arid deserts.

Materials and methods

Plant material and growth conditions
Seedlings of micro-propagated Phoenix dactylifera cv. Khalas of ~2 years 
old were purchased from Date Palm Developments Ltd (Somerset, UK). 
Seedlings were planted in 5 liter pots filled with 70% quartz gravel 
(3–5 mm diameter, Quarzwerke GmbH, Frechen, Germany) and cov-
ered by 4 cm of soil substrate (Floragard Vertriebs-GmbH, Oldenburg, 
Germany). For the drought experiment, plants were transferred into four, 
fully automated, climate-controlled walk-in phytotrons at the Research 
Unit of Environmental Simulation (EUS; Helmholtz Center Munich, 
Neuherberg, Germany). Conditions in phytotrons were slowly adjusted 
to match typical summer climate conditions for the period 21 June–21 
September during 2003–2012 in Alahsa, Saudi Arabia (Kruse et al., 2019), 
with average temperatures of ~40 °C at noon and 20 °C at night, and rel-
ative humidities of ~5% and 30%, respectively. The light period was set to 
12 h, with a photon flux density of ~600 μmol photons m–2 s–1 at shoot 
height, which was lower than under natural conditions due to technical 
reasons. During the first 2 weeks in the phytotron, all plants were auto-
matically irrigated with 50 ml of deionized water per plant every 4 h  
(i.e. 300 ml d–1) so that all plants had comparable substrate water condi-
tions and could acclimate to the climatic conditions. The use of deionized 
water was a mimic of natural low salinity irrigation. This well-watered 
irrigation regime corresponded to ~20% soil water content (SWC) meas-
ured at 5.5 cm substrate depth by using an ML2x ThetaProbe connected 
to an HH2 moisture meter (Delta-T, Cambridge, UK). After the initial 2 
week acclimation period, drought treatment was initiated on a subset of 
plants by reducing irrigation to ~10% SWC, which was half the level of 
the well-watered regime. This water deficit has previously been shown to 
induce drought acclimation while ensuring plant viability (Kruse et al., 
2019; Ghirardo et al., 2021). Specifically, the drought regime was initiated 
by withholding water for the first 3 d, resulting in progressive desiccation 
to ~10% SWC. Subsequently, the drought-regime plants received 50 ml 
of deionized water per plant daily, such that the SWC was maintained at a 
constant level of 10.7±5.2% for the remaining period of the experiment 
in the drought regime. Well-watered plants were continuously supplied 
with 50 ml of deionized water per plant every 4 h to maintain SWC at 
21.4±7.5% throughout the experiment.

Ten individual plants per treatment and time point were entirely har-
vested between 12.00 h and 13.30 h, at 3, 10, and 31 d after the onset 
of the drought regime. Each plant was separated into shoot and roots for 
fresh weight analysis. These plant fractions were then immediately frozen 
in liquid nitrogen and stored at –80 °C until further processing at the 
end of the experiment, namely cutting and homogenization in liquid 
nitrogen and storage at –80 °C until further analysis.

Biomass and tissue hydration
The fresh weights of whole shoots and roots were measured at harvest. 
From each harvested individual plant fraction, specifically roots and 
shoot, a corresponding homogenized tissue sample was lyophilized. 
Tissue hydration was calculated by multiplying the difference between 
the hydrated weight and the weight after lyophilization by the recip-
rocal of the weight after lyophilization as previously described (Du 
et al., 2021), to obtain the milliliters of water per gram of tissue dry 
mass. The individual hydration of the tissue fraction of each plant was 
the basis for calculating the osmolyte concentrations in the respective 
tissue water.
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Fresh weight to dry weight conversion factors were assessed separately 
for each plant and its individual fractions, specifically roots and shoot. 
The initial hydrated mass was divided by the dry mass of the respective 
tissue to obtain the fresh to dry weight conversion factor. This factor 
was then multiplied by the corresponding fresh weights of the plant 
fractions recorded at harvest to calculate the dry weights of whole roots 
and shoots.

Transcriptome analysis
RNA library preparation and sequencing were done at the Biomedicum 
Functional Genomics Unit (FuGU, Helsinki, Finland). The total RNA 
input amounts used for ribo-depletion were 200 ng for leaf [Ribo-
Zero rRNA Removal Kit (Plant Leaf), Illumina] and 1 µg for root 
samples [Ribo-Zero rRNA Removal Kit (Plant Seed/Root), Illumina]. 
Directional sequencing libraries were constructed using Illumina’s 
ScriptSeq RNA Library Prep Kit. For this purpose, both mRNA and 
long non-coding RNA were sequenced from the samples. The result-
ing libraries were multiplexed and sequenced on an Illumina NovaSeq 
S1 flow cell 300 cycle flow cell (2×151 bp paired-end reads). The 
quality of the raw RNAseq reads was analyzed with FastQC (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc). The trimming 
step was performed with Trimmomatic (Bolger et al., 2014) using the 
parameters ‘ILLUMINACLIP:Illumina_PE_adapters.fasta:2:30:10:8:true 
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20 MINLEN:60’. 
The reads were mapped to a Trinity de novo assembly (Haas et al., 2013) 
using Kallisto (Bray et al., 2016). Assembly, construction, transcript an-
notation, and calculation of differentially expressed genes (DEGs) using 
EdgeR (Robinson et al., 2010) were performed as described previously 
(Mueller et al., 2023). DEG fold changes are given in base 2 logarithmic 
scale. Filtering for low read counts resulted in 70 285 transcripts. RNAseq 
data were submitted to EMBL-EBI-Annotare (https://www.ebi.ac.uk/
fg/annotare) under the ArrayExpress accession number E-MTAB-14123.

Proteome analysis and computational integration in 
transcriptomic data
Protein extractions were performed following the phenol extrac-
tion/ammonium acetate precipitation protocol described previously 
(Carpentier et al., 2005; Buts et al., 2014). Briefly, after extraction, 20 
µg of protein were digested with trypsin (Trypsin Protease, MS Grade 
ThermoScientific, Merelbeke, Belgium) and purified by Pierce C18 Spin 
Columns (ThermoScientific). The digested samples (0.5 µg 5 µl–1) were 
separated in an Ultimate 3000 (ThermoScientific) UPLC system and then 
analyzed in an Orbitrap ELITE mass spectrometer (ThermoScientific) 
equipped with an Acclaim PepMap100 pre-column (Thermo Scientific) 
and a C18 PepMap RSLC (Thermo Scientific) using a linear gradient of 
buffer A and B (0.300 µl min–1). Buffer A was composed of pure water 
containing 0.1% formic acid; buffer B was composed of pure water con-
taining 0.08% formic acid and 80% acetonitrile. The Orbitrap ELITE 
mass spectrometer (ThermoScientific) was operated in positive ion mode 
with a nanospray voltage of 1.8 kV and a source temperature of 275 °C. 
The instrument was operated in data-dependent acquisition mode with 
a survey MS scan at a resolution of 60 000 for the mass range of m/z 
375–1500 for precursor ions, followed by MS/MS scans of the top 20 
most intense peaks with +2, +3, +4, and +5 charged ions. All data were 
acquired with Xcalibur 3.0.63.3 software (ThermoScientific). For pro-
tein quantification, the software Progenesis® (Nonlinear Dynamics) was 
applied using all peptides for quantification as described in Soares et al. 
(2018). We applied MASCOT version 2.2.06 (Matrix Science) against 
the assembled transcriptome using the search parameters parent mass tol-
erance of 12 ppm, fragment tolerance of 0.2 Da, variable modification by 
oxidation M, deamidation NQ, fixed modification by carbamidomethyl 
C, with up to two missed cleavages allowed for trypsin.

The transcriptomic data (51 494 features, Supplementary Table S1) 
were integrated with the proteomic data (4304 features, Supplementary 
Table S2). By searching the spectra against the mRNA database, tran-
script and protein abundances were linked to their genes (van Wesemael 
et al., 2018). The genes identified in both omics analyses were filtered 
for drought-related changes at the protein level and then examined for 
over-representation in Gene Ontology (GO). Over-represented features 
related to plastid, anti-oxidant activity, and organic osmolyte metabolism 
were visualized using Cytoscape (Shannon et al., 2003; Ma et al., 2021).

Element analysis
The element concentrations of plant material were determined following 
acid digestion by inductively coupled plasma MS (ICP-MS) essentially 
as described previously (White et al., 2012). Briefly, 50 mg dried sam-
ples were weighed and digested in closed vessels using a microwave di-
gester (MARS Xpress; CEM Microwave Technology, Buckingham, UK). 
Samples were first digested with 3 ml of concentrated HNO3 before the 
addition of 1 ml of 30% H2O2 to complete digestion. Digested samples 
were diluted to 50 ml with sterile MilliQ water before element analyses. 
Total K, Ca, Mg, P, S, Na, Cl, Fe, Mn, Zn, Cu, and Ni concentrations were 
determined on digested material by ICP-MS (Nexion 1000, PerkinElmer, 
Waltham, MA, USA). Blank digestions were performed to determine 
background concentrations of elements, and a tomato leaf standard 
(Reference 1573a; National Institute of Standards and Technology, NIST, 
Gaithersburg, MD, USA) was used as an analytical control.

Biochemical analyses
Analysis of anti-oxidants
Root and foliar H2O2 contents were determined according to Velikova 
et al. (2000) with modifications. H2O2 was extracted from ~50 mg of 
homogenized sample on ice with 1 ml of 0.1% (w/v) trichloroacetic 
acid (TCA). After centrifugation at 4 °C and 15 000 g for 15 min, an 
aliquot of 300 µl of the supernatant was added to 300 µl of 100 mmol 
potassium phosphate buffer (pH 7) and 600 µl of 1 mol KI. The ab-
sorbance was measured at 390 nm. H2O2 content was calculated using a 
standard curve ranging from 0 to 100 µM H2O2. In vitro glutathione re-
ductase (GR) (EC 1.8.1.7) and glutathione dehydroascorbate reductase 
(DHAR) (EC 1.8.5.1) activities in leaves were determined as described 
previously (Arab et al., 2016). Briefly, GR activity was quantified by 
monitoring glutathione (GSH)-dependent oxidation of 1.25 mM 
NADPH at 340 nm; DHAR activity was analyzed by following the 
increase in absorbance at 265 nm, resulting from GSH-dependent pro-
duction of ascorbate (Polle et al., 1990). Thiols (i.e. total and oxidized 
GSH, cysteine, and γ-glutamylcysteine) were extracted as described in 
Schupp and Rennenberg (1988) from ~40 mg of homogenized sample 
with 1 ml of 0.1 M HCl containing 100 mg of pre-washed polyvinyl-
polypyrrolidone. Quantification of oxidized glutathione (GSSG) was 
based on the irreversible alkylation of the free thiol groups of the GSH 
with N-ethylmaleimide (NEM), and the subsequent reduction of GSSG 
with DTT (Strohm et al., 1995). Thiol derivatives were separated on an 
ACQUITY UPLC®HSS (Waters, Eschborn, Germany) with a C-18 
column (2.1×50 mm; 1.18 μm mesh size) applying a solution of potas-
sium acetate (100 mM) in methanol (100%) for elution. Concentrations 
of thiols were quantified according to a mixed standard solution con-
sisting of GSH, cysteine, and γ-glutamylcysteine subjected to the same 
reduction and derivatization procedure. Reduced thiols were quantified 
as monobromobimane derivatives after separation by UPLC by fluoro-
metric analysis (Samuilov et al., 2016). Total and reduced ascorbate were 
determined using a colorimetric method previously described in Arab 
et al. (2016). Briefly, ~50 mg of homogenized sample was extracted in 
500 µl of 5% meta-H3PO4, mixed, and centrifuged at 4 °C for 30 min 
at 12 000 g. A 100 µl aliquot of the supernatant was mixed with 20 µl of 
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1.5 M triethanolamine and 100 µl of 150 mM sodium phosphate buffer 
(pH 7.4) in separate safe-seal 2 ml tubes for reduced and total ascorbate 
quantification. Total ascorbate was measured post-reduction by adding 
50 µl of 10 mM DTT and incubating at room temperature for 15 min, 
followed by removal of excess DTT with 50 µl of 0.5% NEM. Further 
preparation for ascorbate determination involved adding 200 µl each 
of 10% TCA, 44% orthophosphoric acid, 4% 2,2ʹ-dipyridil in ethanol, 
and 100 µl of 3% (w/v) FeCl3. The solutions were mixed and incubated 
at 37 °C for 60 min. Absorbance was measured at 525 nm using a 
spectrophotometer.

Analysis of water-soluble metabolites
Relative abundances of water-soluble low molecular weight metabo-
lites in leaves were analyzed by GC-MS as described previously (Du 
et al., 2019). Briefly, ~50 mg of homogenized sample was transferred 
into pre-frozen 2 ml tubes, 600 µl of cold 100% methanol was used 
as the extraction solvent, and 60 µl of ribitol (0.2 mg ml–1 in ddH2O) 
was added as an internal standard. Samples were heated to 70 °C and 
shaken at 1200 g for 10 min. After centrifugation, 500 µl aliquots of the 
supernatant were mixed with an equal volume of double-distilled H2O 
and chloroform. The mixtures were vigorously shaken and centrifuged 
at 14 000 g at 4 °C for 5 min. Aliquots of 100 µl of the methanol phase 
were transferred to 1.5 ml tubes and dried using a freeze dryer. Dried 
methanol extracts were methoximated by adding 20 µl of a 20 mg 
ml–1 methoxyamine hydrochloride solution in anhydrous pyridine. The 
samples were incubated at 30 °C for 90 min while shaking at 1400 g. 
For trimethylsilylation, 35 µl of N-methyl-N-(trimethylsilyl) trifluoro-
acetamide was added, and the mixtures were incubated at 37 °C for 30 
min with shaking at 1400 g. A 5 µl aliquot of n-alkane retention index 
calibration standard (n-alkane mix, C10–C40, 50 µg ml–1 in n-hexane) 
was then added. Following brief mixing, the mixtures were centrifuged 
at 14 000 g and 20 °C for 2 min. Finally, 50 µl of the supernatant was 
transferred to vials for GC-MS analysis essentially as described else-
where (Kreuzwieser et al., 2009). Peak identification and chromatogram 
deconvolution were conducted with the Quantitative Analysis Module 
of MassHunter software (Agilent Technologies, Böblingen, Gemany). 
Metabolite identification was performed using the Golm metabolome 
database (Hummel et al., 2010), with metabolite abundances derived 
from normalized peak areas.

Analysis of phytohormones
Phytohormone extraction and subsequent LC-MS analysis were per-
formed as described elsewhere (Vadassery et al., 2012; Dávila-Lara 
et al., 2021). Briefly, ~50 mg of homogenized sample was extracted with 
1.5 ml of methanol containing 60 ng of D6-ABA (Toronto Research 
Chemicals, North York, ON, Canada), 60 ng of D6-jasmonic acid (JA; 
HPC Standards GmbH, Borsdorf, Germany), 60 ng of D4-salicylic 
acid (SA; Santa Cruz Biotechnology, Dallas, TX, USA), and 12 ng of 
D6-jasmonoyl-isoleucine conjugate (JA-Ile; HPC Standards GmbH) as 
internal standard. Phytohormone analyses were carried out by LC-MS/
MS on an Agilent 1260 series HPLC system (Agilent Technologies) with 
a tandem mass spectrometer QTRAP 6500 (SCIEX, Framingham, MA, 
USA). Chromatographic separation and MS were performed according 
to Dávila-Lara et al. (2021).

Analysis of amino acids
Amino acid concentrations were analyzed with modifications as 
described by Döring et al. (2022). Briefly, 30 mg of freeze-dried powder 
was dissolved in 1 ml of buffer (0.12 M Li-citrate, 100 nM norleucine, 
pH 2.2). For extraction, samples were placed in an ultrasonic bath (Super 
RK 1028, Bandolin, Germany) cooled to 20 °C and constantly sonicated 
for 15 min. After centrifugation for 15 min at 15 000 g, the supernatant 

was filtered through a 0.45 μm nylon filter and transferred to vials for 
measurement. Chromatography of unbound amino acids was performed 
over 2 h on an amino acid analyzer S433 using a 4.6×150 mm LCA K 
07/Li cation-exchange column (Sykam, Eresing, Germany). Automatic 
post-column ninhydrin derivatization was applied before primary and 
secondary amino acids were detected photometrically at 570 nm and 440 
nm, respectively.

Analysis of soluble sugar and starch
Soluble sugar and starch concentrations were determined using the 
modified anthrone colorimetric method as described elsewhere (Li et al., 
2013). Briefly, 50 mg of dried and ground sample were mixed with 5 
ml of 80% ethanol and heated to 80 °C for 30 min. After centrifuga-
tion at 5000 g for 5 min, the supernatant was collected. This extraction 
was repeated and supernatants were combined for soluble sugar analysis, 
while the precipitates were used for starch determination. To analyze 
starch, 2 ml of distilled water were added to the precipitates and heated 
in boiling water for 15 min. After cooling, 2 ml of 9.2 M HClO4 were 
added to hydrolyze the starch for 15 min. Then, 4 ml of distilled water 
were added and supernatant was collected after centrifugation at 5000 
g for 10 min. Starch hydrolyzation was repeated and supernatants were 
combined for analysis. Both extracts were analyzed spectrophotometri-
cally at 620 nm using glucose as a standard. Starch levels were calculated 
by multiplying glucose concentration by the conversion factor of 0.9 
(Osaki et al., 1991).

Osmolarity analysis
Osmolarity was measured using a semi-micro osmometer (Knauer ML, 
Berlin, Germany). To prepare the sample, 150 µl of the soluble sugar ex-
tract as described above was dried at 45 °C to evaporate the ethanol. 
Next, 150 µl of distilled water was added, and the solution was mixed 
vigorously before measuring according to the manufacturer’s protocol.

Statistical analysis
Data presented are from a large-scale experiment comparing different 
environmental factors with one control group; the control data are sim-
ilar to those presented elsewhere (Du et al., 2023; Mueller et al., 2023). 
The experiment included a well-watered ‘control’ and a water deficit 
‘drought’ condition. Ten replicates (whole date palms) from each con-
dition were sampled at 3, 10, and 31 d following the onset of the water 
deficit regime. Data processing, ANOVA, models, and post-hoc tests 
(Tukey’s) were performed using R (R Core Team, 2013). To analyze the 
effects of drought exposure and its duration, the watering regime, expo-
sure period, and their interaction were entered as independent variables 
into linear models. Homogenity of data distribution was checked using 
the Shapiro–Wilk algorithm of ‘stats’. Inhomogeneously distributed 
data were logarithmically transformed and the normal distribution of 
the model residuals was verified or, if inadequate, the data were tested 
using the Kruskal–Wallis algorithm. Analyses were performed with var-
ious numbers of replicates: biomass and tissue hydration, n=5; ionome, 
n=5–10; phytohormones, n=5–10; metabolome, anti-oxidants, soluble 
sugars, and osmolarity, n=5; proteome, n=4; RNA-sequencing, n=3. 
Datasets with unbalanced sample sizes were evaluated using the HSD.
test algorithm of ‘agricolae’ (de Mendiburu, 2019) with the argument 
for unbalanced enabled. A significance threshold of P≤0.05. was ap-
plied. For osmolyte correlation analysis, a missing tissue hydration value 
(root_control_day1) was median imputed from remaining replicates. 
The relative importance of dependent variables in linear regressions was 
calculated using ‘relaimpo’ (Grömping, 2007). Data were plotted using 
‘ggplot2’ (Wickham, 2016) and ‘pheatmap’ (Kolde, 2015).

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/76/4/1244/7889032 by M

ax-Planck-Institute for Biogeochem
istry user on 25 February 2025



Copyedited by: OUP

Date palm osmotic adjustment during drought | 1249

Results

Drought leads to accumulation of abscisic acid and 
activation of anti-oxidative metabolism in both roots 
and leaves

After 3 d of drought exposure, ABA concentrations in roots 
were increased to 60 ng g–1 DW, reaching a peak of 105 ng 
g–1 DW after 10 d of drought, while well-watered controls 

remained at ~16 ng g–1 DW throughout the experiment 
(Fig.  1A). A similar ABA pattern was observed in leaves  
(Fig. 1B), but at higher concentrations than in roots. Well-
watered controls showed concentrations ranging from 90 ng to 
110 ng ABA g–1 DW. Under drought, ABA increased to 190 ng 
g–1 DW after 3 d, reaching a maximum of 330 ng g–1 DW after 
10 d and 250 ng g–1 DW after 31 d. Similar to ABA, the bioac-
tive derivate of JA, JA-Ile, accumulated in roots under drought 

Fig. 1. Phoenix dactylifera cv. Khalas accumulates abscisic acid in roots and leaves and jasmonoyl-isoleucine mainly in roots under drought. 
Concentrations of abscisic acid, salicylic acid, and jasmonoyl-isoleucine in (A) roots and (B) leaves of date palms grown in phytotrons simulating Saudi 
Arabia summer climate conditions after 3, 10, and 31 d under well-watered or drought regimes. Data are presented as box plots featuring the maxima, 
75 quartiles, medians, 25 quartiles, and minima. Points shown represent raw data; n=10–5; Tukey’s, P≤0.05; different letters indicate significant 
differences of comparisons between water regime and time point.
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(Fig. 1A). After 3–31 d of drought, JA-Ile was increased to ~25 
ng g–1 DW compared with the control of ~10 ng g–1 DW. In 
leaves, higher JA-Ile concentrations were only observed after 
3 d of drought, but at generally lower concentrations with a 
maximum at ~2 ng g–1 DW (Fig. 1B).

Concurrent with the peak in ABA concentration after 10 
d of drought exposure (Fig. 2), leaves showed an increase in 
H2O2 content that was still present after 31 d. With the in-
crease in this ROS, metabolites and enzymes involved in ROS 
detoxification were up-regulated, as evidenced by, for ex-
ample, increased foliar levels of ascorbic acid, GSH, and glu-
tathione disulfide at 10 d and 31 d of drought exposure and 
increased GR activity after 10 d. In roots, H2O2 did not ac-
cumulate with short or long drought exposure. Accordingly, 
the response of the anti-oxidative system was less pronounced 
in the roots than in the leaves. However, there were drought-
related increases in the levels of dehydroascorbic acid, GSH, 
and glutathione disulfide. Also, the activities of DHAR and 
GR were increased after 3 d of drought exposure, and the GR 
activity also after 10 d.

The increased anti-oxidative demand as a result of drought 
exposure was also evident at the protein level after 31 d of 
drought exposure. In roots, 10 proteins were annotated to the 
molecular function ‘antioxidant activity’ (GO:0016209) (Fig. 
3A), with ascorbate peroxidases 1, 2, and 3, NADPH-dependent 
thioredoxin reductase 2, and glutathione S-transferases PHI9 
consistently increased in response to 31 d of drought. In 
leaves, catalase 2 was annotated to ‘oxidoreductase activity’ 
(GO:0016491), with two of the five detected homologs 
showing ~0.7-foldlog2 decreased protein levels (Fig. 3B), while 
two homologous copper/zinc superoxide dismutases 2, anno-
tated to the cellular component ‘plastid’, were about doubled 
after 31 d of drought.

Proteomic and transcriptomic insights reveal 
drought-induced protein stabilization and membrane 
remodeling in date palm leaves

Proteomic analysis revealed that in response to 31 d of drought 
exposure, the leaves showed a remarkable accumulation of nu-
merous protein-stabilizing chaperones that were annotated 
to ‘protein folding’ (GO:0006457). Heat shock-like protein 
and HSP20-like chaperone superfamily protein were dou-
bled in abundance. Chaperonin 20, Chaperonin 60 alpha, and 
heat shock cognate protein 70 were associated with the cel-
lular compartment ‘plastid’ (GO:0009536; Fig. 3) and showed 
increased protein levels ranging from 0.5- to 1-foldlog2. This 
suggests a need for protein stabilization in plastids after drought 
exposure. Consistently, among the 23 proteins annotated to 
‘plastid’, PSII subunit O-2, and PSII oxygen-evolving com-
plex 1 showed decreased abundance, while the abundance of 
chlorophyll A-B-binding family protein, involved, for example, 
in modification of antenna complexes (Zolla and Rinalducci, 
2002), was nearly doubled.

Transcript analysis revealed that with respect to plastid- 
associated lipid metabolism, drought-induced changes were 
evident (Supplementary Table S1C), suggesting a drought-
related remodeling of the lipid composition to stabilize 
membrane systems and embedded proteins. In this context, 
a 2-foldlog2 increase in transcripts of two digalactosyldiacylg-
lycerol synthase homologs and a 2-foldlog2 up- and 6-foldlog2 
down-regulation of two homologous monogalactosyldiacyl-
glycerol synthases suggested an alteration in the biosynthesis 
of galactosylated diacylglycerols in favor of an increase in the 
ratio of poly- to mono-galactosylated diacylglycerols, which 
improves thylakoid stability during dehydration (Chng et al., 
2022). Consistently, transcripts of a set of eight genes encoding 

Fig. 2. Anti-oxidative activity is stimulated in both roots and leaves of Phoenix dactylifera cv. Khalas under drought, yet foliar oxygen radicals accumulate. 
Response of metabolites and enzymes assigned to the Foyer–Halliwell–Asada cycle in leaves and roots of date palms grown in phytotrons simulating 
Saudi Arabia summer climate conditions after 3, 10, and 31 d under well-watered or drought regimes. APX, ascorbate peroxidase activity; AsA, reduced 
ascorbate; DHA, dehydroascorbate; DHAR, dehydroascorbic acid reductase activity; Gly, glycine; GR, glutathione reductase activity; GSH, total 
glutathione; GSSG, glutathione disulfide; myo-Ino, myo-inositol; γ-EC, gamma-glutamylcysteine. Means of the fold-changelog2 are indicated by a color 
code (n=5; t-test; *P≤0.05; **P≤0.01; ***P≤0.001).
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Fig. 3. Changes in protein levels in roots and leaves of Phoenix dactylifera cv. Khalas in response to a 4 week drought exposure. Networks based on 
combined transcriptomic and proteomic data reveal strong responses of (A) roots and (B) leaves to 31 d of drought exposure. Transcriptome data were 
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subunits of the lipid importer complex (TGD2,3,4), involved 
in trigalactosyldiacylglycerol import into the plastid (Fan et al., 
2015), were also increased.

With respect to glycosylation of sterols, which are impor-
tant for the regulation of the physical properties of membranes 
(i.e. the permeability of membranes to hydrophilic molecules), 
a trend towards a reduced glycosylation was suggested, as the 
transcripts of three homologs of UDP-glycose:sterol glucos-
yltransferase were consistently reduced. Changes in sterol gly-
cosylation might affect the organization of lipids and proteins 
within the membrane (Singh et al., 2018).

Drought-related changes in the metabolism of sphingolipids, 
which are integral structural components of the plasma mem-
brane that affect its permeability and fluidity, and are involved in 
the formation of microdomains called lipid rafts that facilitate 
protein trafficking (Sharma et al., 2023), are also likely. Three 
genes involved in sphingolipid metabolism—ceramide kinase, 
catalytic subunit 1 of serine C-palmitoyltransferase complex, 
and inositol phosphosphorylceramide synthase—exhibited 
2-foldlog2 decreased transcript levels. Conversely, transcripts 
of ceramide glycosyltransferase, a key enzyme in sphingolipid 
metabolism that generates the precursor for all glycosphingo-
lipids—glucosylceramide—were ~4-foldlog2 increased. Along 
with these changes, two homologous glycosylinositol phos-
phorylceramide mannosyltransferases, a Golgi-localized glyco-
sylinositol phosphorylceramide-specific mannosyl-transferase 
(Ali et al., 2018), and a sphingolipid fatty acid 2-hydroxylase 
that catalyzes the 2-hydroxylation of the sphingolipid N-acyl 
chain (Hama, 2010) were up-regulated >2-foldlog2, revealing 
that the overall expression of genes involved in the biosynthesis 
of sphingolipids was up-regulated in response to drought. 
With respect to triacylglycerol (TAG) synthesis, transcripts 
of three homologs of acyl-CoA:diacylglycerol acyltransferase 
(DGAT1,2) were 2-foldlog2 up-regulated by drought exposure. 
DGAT plays a key role in determining the flux of carbon into 
TAGs by catalyzing the only step exclusively dedicated to TAG 
synthesis (Liu et al., 2012; Jin et al., 2017), thus favoring TAG 
accumulation (Hatanaka et al., 2022) in date palm leaves after 
31 d of drought exposure.

Drought inhibits plant growth and causes accumulation 
of osmolytes

Given that date palm is a slow-growing species and the 31 d 
experimental period is short relative to a full growing season, 
no significant difference in root biomass was observed be-
tween well-watered and drought-exposed plants, with both 

maintaining an average of ~7 g DW per plant throughout the 
experiment (Fig. 4A). In contrast, a significant reduction in 
shoot mass was observed as a result of drought exposure, which 
was evident after 10 d and amounted to ~50% after 31 d com-
pared with the shoot of the well-watered control (Fig. 4B). 
The hydration of the root remained unaffected independent 
of drought exposure at ~3.25 g H2O g–1 DW (Fig. 4C). The 
leaves showed a lower hydration compared with the roots, with 
values of ~1.8 g H2O g–1 DW, which also remained unchanged 
despite the drought (Fig. 4D). In a first attempt to monitor 
the change in osmotic strength as a result of acclimation to 
drought exposure, total osmolytes were extracted and related 
to tissue water content. In the leaves, osmolyte concentrations 
were ~300 mM irrespective of the duration of drought ex-
posure (Fig. 4F). Root osmolyte concentrations were lower 
and remained at ~125 mM under well-watered conditions 
(Fig. 4E). In response to drought exposure, the concentration 
increased over the course of drought exposure, resulting in a 
final concentration of ~275 mM after 31 d, representing a sig-
nificant increase of 130% compared with the control. To de-
termine the types and individual contributions of osmolytes 
responsible for this significant increase in osmotic strength of 
date palm roots, we analyzed the concentrations of ions, sol-
uble sugars, and amino acids.

Mineral osmolytes do not play a major role following 
drought exposure

Regarding halophytes, K+, Cl–, and Na+ are considered the 
major mineral osmolytes involved in cellular OA (Shabala and 
Shabala, 2011). The total concentration of these ions in roots 
was ~0.7 mmol g–1 DW without any significant changes in 
response to the drought exposure (Fig. 5A). However, anal-
ysis of individual mineral concentrations in roots revealed that 
K+ concentrations increased by ~30% in roots after 31 d of 
drought compared with the well-watered control (Fig. 5C), 
while changes in Cl– and Na+ concentrations were not sig-
nificant (Fig. 5E). In leaves, the total mineral osmolyte con-
centration was ~0.8 mmol g–1 DW (Fig. 5B) and was also not 
significantly affected by drought exposure. In both roots and 
leaves, the concentrations of other minerals such as Ca, Mg, P, 
S, Cu, Fe, Mn, Ni, Na, and Zn showed no significant or mar-
ginal changes in response to drought exposure (Supplementary 
Fig. S1).

To identify changes in mineral transporter expression asso-
ciated with the increase in root K+ concentrations in response 
to drought, we analyzed the transcriptome of roots and leaves 

integrated with proteome data to match detected protein and underlying mRNA. Over-represented Gene Ontology (GO) terms were identified based on 
drought-responsive proteins. GO terms with respect to the three domains ‘Molecular function’, ‘Biological process’, and ‘Cellular component’ are shown 
in blue network hubs. Node labels on blue edges show individual gene annotations. Each of the rectangular-shaped boxes in the outer layer represents 
a protein feature annotated to the respective gene. Turquoise coloring of the outermost node indicates a significant change at the protein level (n=4; 
P≤0.05), which could be either an increase or a decrease as indicated by a fold-changelog2.
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Fig. 4. Root and leaf growth of Phoenix dactylifera cv. Khalas stagnates under drought stress, while tissue hydration remains unaffected with a parallel 
increase in osmolyte concentration. Biomass of (A) roots and (B) leaves, tissue hydration of (C) roots and (D) leaves, and osmolyte concentration of (E) 
roots and (F) leaves of date palms grown in phytotrons simulating Saudi Arabia summer climate conditions after 3, 10, and 31 d under well-watered 
(control) or drought conditions. Data are presented as box plots featuring the maxima, 75 quartiles, medians, 25 quartiles, and minima. Points shown 
represent raw data; nBiomass=5, nHydration=5; nOsmolytes=5–4; Tukey’s, P≤0.05; different letters indicate significant differences of water regime comparison 
within a time point; no letters, P>0.05. Color code as shown in (A) for all panels.
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Fig. 5. Mineral osmolyte concentration in roots of Phoenix dactylifera cv. Khalas remains unaffected during 4 weeks of drought exposure. Total concentration 
of the major mineral osmolytes of halophytes [potassium (K+), chloride (Cl–), and sodium (Na+)] in (A) root and (B) leaf, and individual mineral concentrations in 
roots and leaves, respectively, of K+ (C) and (D), of Cl– (E) and (F), and of Na+ (G) and (H) of date palms grown in phytotrons simulating Saudi Arabia summer 
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after 31 d of drought exposure. Despite the drought-related 
increase in K+ concentration in date palm root, only a few 
K+ transporter genes were differentially expressed after 31 d 
of drought. Among a total of 187 K+ transport-related genes 
identified, only AKT2/3, a bidirectional channel, was found to 
be significantly up-regulated in the roots, but to a strong ex-
tent of ~40-foldlog2 (Supplementary Table S1A, B). Consistent 
with the K+ concentrations in the leaves not being affected 
by drought, 12 K+ transport-related genes were differentially 
regulated, with seven up-regulated (up to 14-foldlog2) and five 
down-regulated (up to 3-foldlog2).

Drought-related sugar accumulation in roots is favored 
by up-regulation of oligosaccharide biosynthesis

Accumulation of oligosaccharides contributes to root osmotic 
adjustment
Measurement of total soluble sugar concentration in roots re-
vealed a marked increase in response to 31 d of drought ex-
posure (Fig. 6A), while no effect of drought was observed in 
leaf sugars. From 3 d to 10 d of drought, root sugar concen-
trations of ~0.4 mmol g–1 DW were not significantly higher 
than those of the control. However, individual sugars indicated 
early changes in composition already after 3 d of drought, with 
up to 0.8-foldlog2 increases in galactinol and myo-inositol (Fig. 
6E), while after 10 d of drought, arabinose, gentiobiose, and 
trehalose were increased by 0.6- to 3-foldlog2. After 31 d of 
drought, there was a significant increase in total sugars to ~0.5 
mmol g–1 DW (Fig. 6A), an increase of ~80% compared with 
well-watered controls. Concurrent with this marked increase, 
a diverse range of sugar compounds was increased (Fig. 6E), 
with 2-foldlog2 increases in fructofuranosyl-fructofuranose and 
gentobiose, and 1-foldlog2 increases in idose, myo-inositol, and 
mannose, while the disaccharide sophorose was decreased. 
Although the leaves did not show an increase in total soluble 
sugars in response to drought exposure (Fig. 6B), the sugar 
composition was significantly altered (Fig. 6E), with 1- to 
3-foldlog2 increases in galactinol and raffinose, while arabinose 
was decreased, beginning 3 d after drought exposure. Other 
sugars, such as fructose, 6-deoxy-mannopyranose, and glucose 
derivatives, also increased up to 1-foldlog2, but not consistently.

Acclimation of root carbohydrate metabolism to drought favors 
oligosaccharide biosynthesis
Consistent with the marked increase in soluble sugar concen-
trations in roots (Fig. 6A), carbohydrate metabolism was sig-
nificantly altered after 31 d of drought. Transcripts of genes 
related to oligosaccharide metabolism showed a coherent in-
crease of four galactinol synthases (3- to 7-foldlog2) and one 

stachyose synthase (10-foldlog2) (Supplementary Table S1F) that 
both favor the synthesis of oligosaccharides (Li et al., 2020). 
Consistently, analysis of proteomic responses revealed enrich-
ment of 20 proteins that were annotated to the biological 
processes ‘carbohydrate metabolic process’ (GO:0005975) and 
‘glucose metabolic process’ (GO:0006006) (Fig. 3A). Protein 
levels of glucose-6-phosphate dehydrogenase 2 and 6 homo-
logs were ambiguously changed in response to drought, while 
other proteins of root carbohydrate metabolism, such as phos-
phoglycerate kinase 1 and citrate synthase 3, were signifi-
cantly increased, suggesting increased abundance of enzymes 
involved in oligosaccharide biosynthesis. In leaves, the tran-
script levels of genes related to carbohydrate metabolism and 
raffinose-family oligosaccharides such as galactinol synthases 
were ambiguously changed, with one homolog 9-foldlog2 
decreased while two others were ~3- and 14-foldlog2 increased 
(Supplementary Table S1F), reflecting the increase in raffinose 
in leaves under drought (Fig. 6E). Genes related to starch me-
tabolism were also differentially expressed, suggesting a trend 
toward decreased starch synthesis and increased starch degrada-
tion, which might favor the conversion of carbon moieties from 
starch into oligosaccharides with greater contribution to OA. 
Transcripts of four genes involved in starch formation were co-
herently decreased, including two starch synthases with 8- and  
2-foldlog2 reduction. Some genes involved in starch degradation 
also had lower transcripts, such as phosphoglucan phospha-
tase and starch-debranching pullulanase. However, transcripts 
of two homologs of each of the alpha- and beta-amylases in-
volved in starch degradation were increased by 2- to 5-foldlog2, 
revealing an acclimation towards starch degradation in favor 
of oligosaccharides, although total starch content of the leaf 
remained unchanged (Fig. 6D).

Amino acid accumulation under drought is supported 
by enhanced biosynthesis

Amino acids accumulate during long-term drought exposure
In both control and drought-stressed date palm roots, the total 
amino acid concentration was ~190 µmol g–1 DW after 3 d and 
10 d of exposure to drought (Fig. 7A). However, after 31 d of 
drought, the amino acid concentration was significantly higher 
by ~110 µmol g–1 DW, which was double that of the control. In 
leaves of the well-watered control, the concentration of amino 
acids remained constant at ~20 µmol g–1 DW throughout the 
experiment (Fig. 7B). Under drought conditions, the concen-
tration increased to a maximum of 45 µmol g–1 DW after 10 d, 
and then returned to a level similar to the control at ~30 µmol 
g–1 DW after 31 d. Subsequently, the contribution of individual 
amino acids to these changes was evaluated.

climate conditions after 3, 10, and 31 d under well-watered (control) or drought conditions. (A, B) Means ±SE; (C–H) Data are presented as box plots 
featuring the maxima, 75 quartiles, medians, 25 quartiles, and minima. Points shown represent raw data; n=10–5; Tukey’s, P≤0.05; different letters indicate 
significant differences of water regime comparison within a time point; no letters, P>0.05. Color code as shown in (A) or (C) for all panels.
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Fig. 6. Sugar concentration increases in roots of Phoenix dactylifera cv. Khalas after 4 weeks of drought exposure while that of leaves remains 
unaffected. Concentrations in roots and leaves, respectively, of soluble sugars (A) and (B), starch (C) and (D), and (E) individual changes in sugar (alcohols 
and derivates) levels in roots and leaves of date palms grown in phytotrons simulating Saudi Arabia summer climate conditions after 3, 10, and 31 
d under well-watered (control) or drought conditions. (A–D) Means ±SE; points shown represent raw data; Tukey’s, P≤0.05; different letters indicate 
significant differences of water regime comparison within a time point; no letters, P>0.05. (E) Means of the fold-changelog2 of the relative metabolite 
contents are indicated by a color code. Asterisks indicate the level of significance (*P≤0.05; **P≤0.01; ***P≤0.001); n=4–5.
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In roots, the amino acid composition was dominated by 
high concentrations of asparagine, with ~150 µmol g–1 DW 
(Fig. 7C). This concentration was similar to control conditions 
at 3 d and 10 d of drought. However, after 31 d, the con-
centration declined in the control, but remained unaffected 
in drought-exposed roots, resulting in an increase of ~100 
µmol g–1 DW. Other amino acids such as proline, serine, al-
anine, and citrulline were among the amino acids detected, 
with concentrations ranging from 1 µmol g–1 DW to 9 µmol 
g–1 DW. Increases related to drought exposure were observed, 
for example with an increase of ~5 µmol g–1 DW for proline, 
serine, and alanine, while other amino acids showed lower or 
no drought-related increases. The amino acid composition of 
the leaves differed from that of the roots, primarily due to a 
10-fold lower asparagine concentration, unaffected by drought 
(Fig. 7D). Drought exposure increased concentrations of other 
amino acids in leaves compared with roots, including arginine, 
citrulline, valine, gamma-aminobutyric acid (GABA), and pro-
line, which showed increases of up to 4 µmol g–1 DW. The con-
centrations of valine, proline, and GABA increased transiently, 
reaching their peak after 10 d of drought, mirroring the total 
amino acid trend in leaves (Fig. 7B).

Acclimation of amino acid metabolism during long-term 
drought exposure
Drought-induced acclimation of amino acid metabolism was ev-
ident at the transcript and protein levels after 31 d of drought. In 
roots, three genes of amino acid metabolism were differentially 
expressed, with one down-regulated related to amino acid degra-
dation, and two up-regulated related to the shikimate family and, 
thus, to the synthesis of aromatic amino acids (Supplementary 
Table S1G). Drought-related changes in aromatic amino acid 
biosynthesis were also evident at the protein level (Fig. 3A). 
Among the 19 proteins annotated to ‘amino acid metabolic pro-
cess’ (GO:0006530), pyruvate decarboxylase 2 and 4, involved 
in aromatic amino acid catabolism, were consistently decreased 
(–0.5-foldlog2). Other proteins involved in aromatic amino 
acid metabolism such as chorismite synthase (–0.3-foldlog2),  
UDP-glucosyltransferase 74F2 (0.6-foldlog2), and two homolo-
gous 3-deoxy-d-arabino-heptulosonate 7-phosphate synthases 
(0.6-foldlog2) were differentially changed. In addition, protein 
levels of a glutamate synthase and two glutamine synthetases, 
catalyzing the conversion of glutamate to glutamine, were about 
halved after 31 d of drought. Proteins associated with protein 
biosynthesis, which play a role in the attachment of amino acids 
to their corresponding tRNAs, including glycyl-tRNA synthe-
tase/glycine-tRNA ligase and tRNA synthetase class I family 
protein, exhibited 0.5-foldlog2 increases. In leaves, a total of 29 
genes related to amino acid metabolism were differentially 
expressed (Supplementary Table S1G), with 17 up-regulated, 
mostly related to biosynthesis, and 12 down-regulated related 
to both biosynthesis and catabolism. No alterations in related 
proteins were observed following 31 d of drought exposure in 
comparison with the well-watered control.

Root osmotic adjustment involves accumulation of 
sugars and amino acids, albeit in varying amounts

To assess the contribution of the individual osmolyte com-
pounds to the OA observed in date palm roots in response 
to drought exposure (Fig. 4E), individual osmolyte concentra-
tions were correlated with their sum, all related to the water 
content determined in the individual tissue fractions. To over-
view the collinearity between the variables, the relative impor-
tance of the individual osmolytes to explain the variance in 
the sum of osmolytes was analyzed. In roots, the concentration 
of minerals contributed the most (45%), followed by sugars 
(39%) and amino acids (16%). This result was also reflected in 
the individual correlation analysis of each osmolyte (Fig. 8A, 
C, E), where minerals showed the highest correlation (R=0.85, 
P<0.001), followed by soluble sugars (R=0.79, P<0.001) and 
amino acids (R=0.58, P<0.001), confirming that the changes 
in osmotic strength were independent of the water regime and 
time point dominated by mineral concentrations. Comparison 
of the individual osmolyte contributions to the total increase 
in osmotic strength observed in date palm roots after 31 d of 
drought exposure revealed that sugars and amino acids had a 
significant increase of ~80 mmol l–1 and 40 mmol l–1 tissue 
water, respectively, compared with the well-watered controls. 
However, the change in mineral concentration (+40 mmol l–1 
tissue water) was not significant. Thus, with respect to the total 
increase in root osmotic strength after 31 d of drought (i.e. 
160 mmol l–1 tissue water), organic osmolytes accounted for 
~75% of the osmolytes used by date palm for drought-related 
osmotic adjustment (Fig. 9).

In leaves, the relative importance in the regression with the 
sum of osmolytes was also dominated by minerals (60%), fol-
lowed by sugars (39%) and amino acids (1%). These contri-
butions were reflected in the positive correlations between 
total osmolyte concentration and minerals (R=0.81, P<0.001) 
and soluble sugars (R=0.68, P<0.001), respectively (Fig. 8B, 
D). However, no increase in leaf osmolyte concentration was 
evident after 31 d of drought (Figs 4F, 8B, D, F). Conversely, 
the higher mineral concentration in the leaves of well-watered 
plants (Fig. 8B) suggested enhanced mineral uptake, likely to 
be facilitated by mass flow driven by higher transpiration rates, 
a consequence of greater soil water availability.

Discussion

Date palm mitigates drought-related radical generation 
by increasing anti-oxidant activity

Date palm is an important crop that is able to survive ex-
treme environmental conditions such as heat and drought 
(Arab et al., 2016; Du et al., 2019; Kruse et al., 2019); however, 
date palm productivity and fruit quality are challenged by 
drought (Allbed et al., 2017; Ali-Dinar et al., 2023), emphasiz-
ing the need for a better understanding of date palm drought 
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acclimation. To investigate the early metabolic acclimation to 
drought with a focus on OA, we analyzed date palms exposed 
to a 1 month period of drought. In response to these harsh 
environmental conditions, date palm shoot growth was sig-
nificantly arrested (Fig. 4B), resembling previous observations 
of reduced leaf growth under field conditions (Ali-Dinar 
et al., 2023). Reduced shoot growth under drought is attrib-
uted to diminished photoassimilation observed in drought-
exposed date palms (Kruse et al., 2019; Alhajhoj et al., 2022), 
which disproportionately affects the canopy compared with 
the roots, and reduces water potential in expanding leaf cells. 
These factors drive an increased root-to-shoot ratio (Davies, 
2006), enabling greater resource allocation to root develop-
ment, enhancing the ability of the plant to explore deeper 
soil layers for water uptake. However, as date palm is a rela-
tively slow growing species, the root growth stimulation was 
not pronounced (Fig. 4A) during the relatively short 1 month 
experimental period.

Consistent with the observed shoot growth arrest, the 
drought-inducible stress hormone ABA, a negative regu-
lator of plant growth (Yao and Finlayson, 2015) and stom-
atal opening (Müller et al., 2017), accumulated in both roots 
and leaves from the third day of drought exposure (Fig. 1). 
This pattern was also evident for JA-Ile, which is involved 
in stress acclimation (Riemann et al., 2015) and required for 
ABA biosynthesis in drought-exposed roots (de Ollas and 
Dodd, 2016). In line with this, JA-Ile remained constantly 
elevated in drought-exposed date palm roots. In leaves, 
however, JA-Ile decreased after 10 d of drought exposure, 
despite increased ROS, which can stimulate JA signaling 
(Ismail et al., 2014). As a result of continuous stomatal clo-
sure and, thus, reduced leaf gas exchange and transpirational 
cooling, increasing leaf temperature and negative redox po-
tential might cause generation of ROS (Rennenberg et al., 
2006; Lee et al., 2012). This was evident in the leaves of 
date palm by increased levels of ROS (H2O2) (Fig. 2), as 
observed previously in date palms exposed to drought and 
heat (Arab et al., 2016; Du et al., 2019) or salt (Mueller et al., 
2023). Consistently, date palm increased anti-oxidant ac-
tivity as evidenced by the increased abundance (Fig. 3) and 
activity of metabolites and enzymes involved in the Foyer–
Halliwell–Asada cycle (Fig. 2) (Du et al., 2024), indicating 
a continued need to balance the cellular ROS homeostasis 
(Noctor et al., 2016) under drought.

Fig. 7. Amino acid concentration increases in roots of Phoenix dactylifera 
cv. Khalas already after 10 d of drought exposure. Total concentration of 

amino acids in (A) root and (B) leaf and the top five individual amino acids 
with highest contributions to total amino acid accumulation under drought 
exposure in (C) roots and (D) leaves of date palms grown in phytotrons 
simulating Saudi Arabia summer climate conditions after 3, 10, and 31 d 
under well-watered (control) or drought conditions. Means ±SE. Points 
shown represent raw data; n=5; Tukey’s, P≤0.05; different letters indicate 
significant differences in water regime comparisons within a time point; 
no letters, P>0.05. Individual amino acids were selected according to 
the highest positive delta to the well-watered controls at the peak of 
accumulation (Supplementary Fig. S2); a full list of all amino acids detected 
is provided in Supplementary Fig. S3. Color code as in (A) for all panels.
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Fig. 8. Total osmolyte concentration in roots of Phoenix dactylifera cv. Khalas increases with minerals, soluble sugars, and amino acids. Correlation of 
the sum of measured osmolyte concentrations with concentrations of minerals (A) and (B), sugars (C) and (D), and amino acids (E) and (F) in roots and 
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Photosynthetic acclimation to drought involves 
stabilization and restructuring of antennae and lipid 
composition

Water deficit represents a significant challenge to photosynthesis, 
decreasing photosynthetic performance, while increasing the risk 

of ROS generation and oxidative damage to the photosynthetic 
apparatus (Pandey et al., 2023). Consistently, several changes in 
relation to the stabilization of the photosynthetic apparatus were 
evident in date palm leaves following 1 month drought expo-
sure, with prominent increases of chaperons (Fig. 3B), such as 

Fig. 9. Early acclimation of date palm (Phoenix dactylifera L.) to desert drought. Leaf acclimation includes a remodeling of thylakoid lipid composition 
together with a restructuring of the photosynthetic apparatus (i.e. a reduction of antennae), both of which prevent the formation of reactive oxygen species 
(ROS). In leaves and roots, oxidative damage resulting from increased ROS formation is counteracted by increased activity of the anti-oxidant machinery. 
Roots adapt osmotically to water deficit by accumulating both mineral and organic osmolytes, with organic osmolytes accounting for ~75% of the increase 
in osmotic strength. Oligosaccharide and amino acid biosynthesis are stimulated, fueling the accumulation of organic osmolytes. Significant increases in 
osmolytes after 31 d of drought, shown as a difference from the well-watered controls, are highlighted with a white background (Tukey’s, P≤0.05).

leaves, respectively, of date palms grown in phytotrons simulating Saudi Arabia summer climate conditions after 3, 10, and 31 d under well-watered 
(control) or drought conditions. Measured osmolyte concentrations were related to cellular hydration of individual date palms. Pearson’s regression based 
on the raw data shown as open symbols; filled symbols represent means ±SE; n=5; Tukey’s, P≤0.05; different letters in parentheses indicate significant 
differences of individual osmolyte concentrations with respect to comparison of water regimes within a time point that is indicated by the shape code; no 
letters, P>0.05. Shape and color codes as for (A) for all panels.
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chaperonin 60 (Holland et al., 1998) and HSP70 (Aghaie and 
Tafreshi, 2020), that stabilize photosystems and support chloro-
plast differentiation from plastids under elevated temperatures 
(Kim and An, 2013). Consistent with previous observations 
(Ghirardo et al., 2021), constituents of photosystem antennae 
such as Chl a/b-binding proteins (CBPs) were also increased, 
indicating a drought-related modification (i.e. reduction) of an-
tenna complexes that might prevent production of ROS by ex-
cess light-harvesting activity (Du et al., 2018). Moreover, CBPs 
play a role in plant acclimation to environmental cues (Ganeteg 
et al., 2004), for example in enhancing stomatal sensitivity to ABA 
(Xu et al., 2012; Liu et al., 2013). Thus, the increase of CBPs in 
date palm leaves might also be an acclimatory response to en-
hance guard cell ABA sensitivity to avoid transpirational water 
loss. Drought-induced acclimation in the photosynthetic appa-
ratus was also reflected in remodeling of the thylakoid mem-
brane. This was suggested by changed lipid metabolism, favoring 
an increased poly- to monogalactolipid ratio (Supplementary 
Table S1C). This remodeling is relevant for avoiding membrane 
distortion and fusion during desiccation (Chng et al., 2022). This 
maintains the integrity of grana stacks (Kobayashi, 2016), which 
are susceptible to disruption under low cellular water conditions 
(Yu et al., 2021), ultimately impeding photosynthesis. The disas-
sembly of monogalactolipids from thylakoid membranes (Young 
et al., 2022) and the removal of excess lipids from membranes 
during desiccation-induced organelle shrinkage (Gasulla et al., 
2013) might account for the suggested increase in TAG synthesis 
(Supplementary Table S1C). This process could also help sequester 
toxic lipid intermediates that accumulate due to membrane lipid 
remodeling (Lu et al., 2020). The combined remodeling of thy-
lakoid membranes and the restructuring of the photosynthetic 
apparatus might underlie the previously observed drought ac-
climation of date palm photosynthesis, namely the reduction in 
electron transport rate at reduced photosynthetic carbon fixation 
(Kruse et al., 2019; Ghirardo et al., 2021), with reduced risk of 
photooxidative damage (Mäkelä, 1996; Kruse et al., 2019).

Organic osmolytes make a major contribution to the 
early osmotic adjustment of roots to drought

In addition to stomatal closure, ABA accumulation also leads 
to various acclimatory responses involved in stress mitiga-
tion (Yoshida et al., 2014), such as OA (Shabala and Shabala, 
2011). Because root cells contain more water per dry mass than 
leaves (Fig. 4C, D), OA of roots requires more osmolytes and, 
thus, is energetically more demanding (Munns et al., 2020). 
Accordingly, drought-related osmolyte accumulation was more 
pronounced in date palm roots than in leaves. In roots, a modest 
accumulation of the energetically cheap mineral osmolyte K+ 
was detected (Raven, 1985; Shabala and Shabala, 2011; Munns 
et al., 2020). However, the contribution of mineral osmolytes 
(~40 mM) to OA after the 31 d drought was relatively minor 
compared with the significant role of expensive organic osmo-
lytes, which accounted for 75% of the total increase in root 

osmotic strength (Fig. 9). Consistent with the known pattern 
that drought stress leads to a rapid increase in soluble sugars 
to minimize dehydration damage (Kaiser, 1987; Slama et al., 
2015; Fàbregas and Fernie, 2019), date palm accumulated sol-
uble sugars in the roots following drought exposure (Safronov 
et al., 2017; Anli et al., 2020), with the highest increase of 80 
mM (Fig. 8) among the analyzed osmolytes. Consistently, 
roots showed marked up-regulation of galactinol and stachy-
ose synthases involved in oligosaccharide biosynthesis (Li et al., 
2020). Numerous sugars other than the typical free sugars, such 
as sucrose, glucose, and fructose (Fàbregas and Fernie, 2019), 
accumulated in roots (Fig. 6E), including gentiobiose, idose, 
myo-inositol, mannose, and the non-reducing disaccharide 
trehalose, a highly soluble and unreactive sugar that accumu-
lates in desiccation-tolerant species during dehydration (Ilhan 
et al., 2015). Temporary increases in gentiobiose and trehalose 
were also observed in date palms exposed to hyperosmotic salt 
conditions. However, the total amount of sugars only increased 
slightly (Al Kharusi et al., 2019) or remained unaffected in date 
palms exposed to salinity (Mueller et al., 2023), similar to salt-
exposed barley, where sugars also modestly contributed to OA 
(Annunziata et al., 2016). These findings suggest that the re-
markable accumulation of soluble sugars with the underlying 
reprogramming of carbohydrate metabolism in the roots of date 
palm represents an acclimatory response specific to drought.

The amino acid contribution of ~40 mM to drought-related 
OA in roots (Fig. 8E) was about half that of sugars (Fig. 9). The 
often accumulating compatible osmolyte proline (Slama et al., 
2015) was not among the major contributors. Instead, the in-
crease was mainly due to the generally high concentrations of 
asparagine in date palm roots. Asparagine can serve as a storage 
compound for assimilated nitrogen due to its high nitrogen to 
carbon ratio and might accumulate, for example, in response to 
stress-related reduction in protein biosynthesis (Lea et al., 2007). 
In date palm (Yaish, 2015; Safronov et al., 2017; Shareef et al., 
2020; Du et al., 2021) and other halophytes (Slama et al., 2015), 
free amino acids accumulate under drought. This accumulation 
can be a consequence of numerous factors such as water deficit 
and ABA-related protein degradation (Huang and Jander, 2017). 
However, concentrations of soluble proteins were previously 
shown not to be affected by drought (Du et al., 2023), suggesting 
no excessive drought-related protein degradation. Therefore, the 
observed stimulation of amino acid metabolism during drought 
strengthens the argument that amino acids might act as a met-
abolic cache for organic nitrogen under stress also in date palm 
(Hildebrandt, 2018), which in parallel provides a significant con-
tribution to OA in the early drought acclimation of date palm.

Date palm does not preferentially use cheap mineral 
osmolytes for osmotic adjustment in early drought 
acclimation

Halophytes such as date palm are thought to tolerate higher 
cellular mineral concentrations (Flowers et al., 2015). Therefore, 
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OA could be achieved primarily through the use of mineral 
osmolytes with low risk of ion toxicity. This trait might be 
exploited to achieve cost-effective OA through mineral up-
take and sequestration (Shabala and Shabala, 2011; Munns 
et al., 2020), while reducing the need to synthesize organic 
compounds and divert them from growth. Date palm has been 
shown to remarkably control the uptake and long-distance 
transport of Na+ and Cl– while promoting the uptake of K+ 
when growing in a hyperosmotic saline environment (Mueller 
et al., 2023). However, despite a marginal increase of K+ in 
roots, date palm showed no extensive mineral use for OA in 
early drought acclimation, while significant amounts of sugars 
and amino acids were diverted from maintenance and growth. 
This result confirms the primary use of organic osmolytes for 
drought-related OA (Munns et al., 2020) in the early acclima-
tion of date palm to drought, although increased uptake and 
sequestration of energetically less expensive mineral osmolytes 
would be a strategy preventing stress-induced growth arrest 
due to energy limitation (Shabala and Shabala, 2011; Munns 
et al., 2020). Drought acclimation and the role of osmolytes 
in osmotic adjustment over a full phenological season war-
rant further investigation to determine if prolonged drought 
reduces the contribution of organic osmolytes to OA, thereby 
reallocating resources towards root growth to access deeper 
water layers.

Conclusion

Date palm is a useful non-model crop species for studying tol-
erance to extreme environments, owing to its remarkable re-
silience to high salinity and drought. It is able to survive in 
arid deserts because it (i) restructures the photosynthetic appa-
ratus to avoid formation of ROS; (ii) promotes anti-oxidative 
metabolism; and (iii) osmotically adjusts the roots to low soil 
water potential. Energetically expensive organic osmolytes are 
essential for osmotic adjustment. Halophytes, with their ex-
pected higher intrinsic tissue tolerance, could achieve osmotic 
adjustment mainly by using mineral osmolytes with less risk 
of ion toxicity. In contrast to this assumption, date palm relies 
on sugars and amino acids rather than promoting mineral up-
take in the early acclimation to drought. This strategy might 
bind resources to the detriment of growth and maintenance 
processes.

Supplementary data

The following supplementary data are available at JXB online.
Table S1. Transcriptomic response of leaves and roots of 

date palm cv. Khalas after 31 d under well-watered or drought 
conditions.

Table S2. Proteomic response of leaves and roots of date palm 
cv. Khalas after 31 d under well-watered or drought conditions.

Fig. S1. Mineral concentrations in leaves and roots after 3, 
10, and 31 d under well-watered or drought conditions in date 
palm cv. Khalas.

Fig. S2. Amino acid contribution to increase in total amino 
acid concentration in response to drought in date palm cv. 
Khalas.

Fig. S3. Amino acid concentrations leaves and roots after 3, 
10, and 31 d under well-watered or drought conditions in date 
palm cv. Khalas.
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